In Xenopus, the inheritance of germ plasm by a small subset of blastomeres during early development is thought to direct these cells into the germ cell lineage. We show that Xcat2 RNA, related to Drosophila nanos, is a germ plasm component that is translationally repressed during oogenesis. Xcat2 protein was not detected in oocytes at times prior to, or after its RNA was localized in germ plasm, suggesting Xcat2 RNA is functionally sequestered soon after transcription. Indeed, Xcat2 RNA is found in a dense non-polysomal compartment in oocytes. Repression of translation was not relieved by substituting the Xcat2 3 H UTR with that of b-globin. Immunodetection of Xcat2 protein during blastula and gastrula stages coincides with the time of symmetric segregation of the germ plasm and a net increase in the number of primordial germ cells. Xcat2 is capable of binding RNA in vitro and we propose that it may function to translationally regulate other RNAs speci®c to primordial germ cells. q
Introduction
One of the most important cell fate decisions made in early development is the choice between following the somatic or the germ cell lineage. Only the germ cell lineage has a program of differentiation that maintains totipotency. In species as diverse as Drosophila, C. elegans, and Xenopus, the formation of germ cells is linked with the presence of a specialized cytoplasmic domain called the germ plasm. Germ plasm contains clusters of mitochondria and unique electron-dense organelles called germinal granules. These granules are composed of speci®c RNAs and proteins that genetic studies in Drosophila have shown to be important to germ cell formation. The ultrastructural similarity of germ plasm among species has encouraged the view that a common mechanism might be involved in specifying the germ cell lineage for invertebrates and vertebrates. The molecular structure and the role of the organelles found within the germ plasm remain largely unknown.
In Xenopus, germ plasm is ®rst recognized concentrated within the mitochondrial cloud or Balbiani body . The cloud fragments in stage II oocytes and the individual pieces, carrying germ plasm, are transported to the vegetal pole where they eventually form hundreds of yolk-free islands in the subcortex. After fertilization and during early cleavage stages, these islands gradually coalesce into large pools of germ plasm in a very characteristic pattern (Savage and Danilchik, 1993; Forristall et al., 1995) . During cleavage, the germ plasm is asymmetrically distributed to only four cells, the presumptive primordial germ cells (pPGCs). By blastula stages, pPGCs are found randomly distributed within the endodermal mass. Prior to gastrula, pPGCs undergo the ®rst true mitosis and experience a net increase in number. At the same time, the germ plasm moves from its previous cortical position to a perinuclear one (Czolowska, 1969; Dixon, 1975, 1977; Whitington and Dixon, 1975) . Later, pPGCs migrate out of the endoderm into the dorsal mesentery, then posteriorly along this structure until arriving and penetrating the somatic gonad, where further mitotic and meiotic events take place in the ®nal differentiation of the germ cells.
The molecular identity of germ plasm components has best been characterized in Drosophila (Rongo and Lehmann, 1996) . In this species, germ plasm is both required and suf®cient not only for germ cell speci®cation but also for posterior axis formation. Drosophila germ plasm can induce germ cells and a posterior axis in ectopic locations, strongly suggesting the presence of determinants for both cell fates. mtlrRNA and polar granule component (pgc), a non-coding RNA, are known RNA components of the germ plasm and may play a structural role (Nakamura et al., 1996) . Vasa, Oskar, and Tudor are known protein components of the germ plasm and are key to pole plasm assembly. Vasa (an RNA helicase) is continuously present in the polar granules. Oskar and Vasa are required for the correct localization and expression of nanos (nos) RNA in the embryo (Wang et al., 1994) . Nos functions both in oogenesis and embryogenesis (Lehmann and Nu Èsslein-Volhard, 1991; Wang et al., 1994) . Maternal nos is required during embryogenesis as a determinant of the posterior axis and for correct germ cell migration into the gonads Forbes and Lehmann, 1998) . Nos protein functions in determination of abdominal segmentation by preventing expression of Hunchback protein from the maternal gap gene hunchback (hb) RNA (Irish et al., 1989) . The pumilio gene product appears to be required for Nos to speci®cally interact and repress hb RNA (Murata and Wharton, 1995; Curtis et al., 1997; Wreden et al., 1997) . During oogenesis, Nos protein is required for production of egg chambers in early oogenesis and appears to control proliferation and differentiation of germline stem cells (Forbes and Lehmann, 1998) . Nos function in oogenesis or in germ cell determination is presently unknown; in the latter case it does not affect hb translation . In summary, Drosophila germ plasm contains the products of maternally localized RNAs, some of which function at the level of translational control to control PGC formation, proliferation and migration as well as to specify the region in which PGCs must form.
In Xenopus, the germ plasm appears to be required, although it is not suf®cient for pPGC formation (Wakahara, 1978; Wylie et al., 1984) . Strikingly, two Xenopus genes selected in a screen for maternally localized RNAs, Xcat2 and Xdazl, are related to germ cell components in Drosophila. Xdazl, a germ plasm component, is an RNA binding protein homologous to Boule, a protein required during meiotic events in Drosophila spermatogenesis (Eberhart et al., 1996; Houston et al., 1998) . Xcat2 encodes the only known vertebrate protein sequence with similarity to Nos (Mosquera et al., 1993; Forristall et al., 1995) . The similarity between the Xcat2 (128 amino acids) and the invertebrate Nos proteins (about 400 amino acids) is restricted to a 28-amino acid putative double CCHC zinc-®nger. The zinc®nger coding region is the most conserved region among all Nos family members (Curtis et al., 1995) and the only region absolutely required for Nos function (Curtis et al., 1997) . This region binds RNA strongly but in a non-speci®c fashion. Interestingly, Xcat2 RNA appears to be expressed only maternally, and is localized with the germ plasm during oogenesis and in the four-cell embryo (Forristall et al., 1995) . Recently, Xcat2 RNA was shown to be a component of the germinal granules forming within the mitochondrial cloud (Kloc et al., 1998) . Taken together, these studies suggest a role for Xcat2 in the speci®cation of the germ cell lineage.
The germ plasm may serve as a protective enclave from the pervasive signals involved in determining the somatic cell lineages (Dixon, 1994) . The nature of the RNAs and proteins found in the germ plasm is consistent with this hypothesis. Available evidence indicates an extensive role for translational control (repression or activation) of maternal mRNAs in setting up the germline. For example, Vasa, Nos and Pumilio all bind RNAs tightly and the Nos/Pumilio complex is involved in translational repression of hb RNA. Germ plasm components not only appear to be involved in translational control, but are themselves subject to this level of control. Nanos is never detected in Drosophila oocytes per se. Neither is injected nos RNA translated in the oocyte indicating that its translation is tightly controlled (Gavis and Lehmann, 1994) . Different cis-elements in the nanos 3 H UTR have been shown to be responsible for localization and translational control (Gavis et al., 1996a; Gavis et al., 1996b; Dahanukar and Wharton, 1996) . This linkage between localization and translation has also been described in the case of Xenopus Vg1 RNA (Dale et al., 1989; Tannahill and Melton, 1989) . In contrast to the situation in pole plasm, nanos is translated in the germarium, which contains the germline stem cells, as soon as the RNA is transcribed (Wang et al., 1994) .
In this paper, we show that Xcat2 RNA is a germ plasm component through gastrulation. Using an Xcat2 speci®c antibody, we determined that Xcat2 is translationally repressed during oogenesis, and not translated until early embryonic stages. Surprisingly, replacement of the Xcat2 3 H UTR did not relieve translational repression. Furthermore, unlike nos, inhibition of translation is unrelated to the state of RNA localization. Finally, we show that in vitro synthesized Xcat2 protein is capable of binding RNA, and propose that Xcat2 functions in translational regulation of other pPGC speci®c RNA(s).
Results

Xcat2 RNA is concentrated in the germ plasm in early embryos
Our previous data had indicated that the pattern of Xcat2 staining in the four-cell embryo was consistent with it having a germ plasm fate (Forristall et al., 1995) . To determine if Xcat2 RNA continues to be segregated to the germ plasm during development, we examined its expression pattern at later stages in whole and dissociated embryos. In the four-cell embryo, Xcat2 RNA is concentrated within approximately 80 small islands at the vegetal pole, consistent with previous results (Fig. 1A) . At later stages, it concentrates within larger subcellular islands within only four cells, the expected number for pPGCs (data not shown). To con®rm its germ plasm location and the number of cells containing it, we used dissociated cells from embryos at stage 7 and 10 for in situ analysis. Cells showing a strong reaction were counted as pPGCs and groups of cells, both stained and unstained, were embedded in plastic and thin sectioned for detailed analysis. Consistent with its localization to the germ plasm, Xcat2 staining was clearly subcellular. In thin sections, Xcat2 RNA was found within yolk free areas close to the plasma membrane of stage 7 blastomeres (Fig. 1B,C) and in a perinuclear location at stage 10 (Fig. 1D±F) , as expected for germ plasm (Whitington and Dixon, 1975) . All Xcat2 positive cells from 15 embryos were vegetal pole cells and averaged 5.4 per embryo. Xcat2 staining persisted until neurula stages, after which it was no longer detected (data not shown).
RNase protection analysis was consistent with Xcat2 only being expressed maternally and until neurula stages ( Fig.  2A) . Northern blot analysis of adult tissues showed that Xcat2 expression is restricted to the maternal germline, unlike Xdazl which is also expressed in testis (Fig. 2B ).
Characterization of anti-Xcat2 antiserum
To determine when Xcat2 RNA was translated, two antisera were raised: a mouse polyclonal antiserum to Xcat2 recombinant protein (rHTXcat2) and a rabbit anti-peptide serum to the ®nal 14 carboxyl-terminal amino acids. In Western blot assays, the mouse antiserum could detect 100 pg of the recombinant protein (Fig. 3A) . The mouse anti-Xcat2 antiserum immunoprecipitated both recombinant Xcat2 protein (17.5 kDa with HisTag) and in vitro translated protein (Fig. 3B) . The in vitro translated protein had the molecular mass (15.5 kDa) expected from sequence analysis and was assumed to be more like the native protein than the refolded recombinant proteins. The mouse antiserum (1 ml) routinely immunoprecipitated 40±60% of the input in vitro translated protein (10±35 pg) and could immunoprecipitate more than 1 mg of rHTXcat2 protein (data not shown). Although the rabbit antipeptide serum detected 10-fold less Xcat2 recombinant protein than did the mouse antiserum, in immunoprecipitations it was 30±60% as ef®cient as the mouse antiserum (data not shown). For this reason and because of the quantity of antiserum, the rabbit antiserum was used for whole cell in situ analysis. Based on the levels of Vg1 RNA (40 pg/embryo) and protein (0.5±1.0 ng/ embryo; Tannahill and Melton, 1989) and the known levels of Xcat2 RNA (5 pg; Mosquera et al., 1993) , we estimated the amount of Xcat2 protein to be approximately 100±200 pg/embryo. Therefore, the mouse antibody was of suf®cient sensitivity to detect the expected amount of endogenous Xcat2 protein.
The speci®city of the antiserum was con®rmed in crosscompetition assays with rHTXcat2 protein. Antiserum was preincubated with recombinant protein before its addition to the in vitro translated protein sample. Preincubation of the antiserum with 1 mg of rHTXcat2 protein decreased immunoprecipitation of input in vitro translated protein by 90% (Fig. 3B, lane 7) . As shown by Western blots using antiserum preincubated with either form of recombinant Xcat2 protein (with or without HisTag), the majority of the antiXcat2 antibodies recognized Xcat2 epitopes, and not the HisTag or the leader sequence (data not shown). From the above analysis, we concluded that the mouse antibody was speci®c for Xcat2 protein.
Injected Xcat2 RNA translates poorly in oocytes
We next asked whether the antiserum could recognize native protein by metabolically labeling Xcat2 in stage IV oocytes injected with Xcat2 transcripts. The Xcat2 transcripts contained the Xenopus b-globin 5 H leader to enhance translation Klein and Melton, 1995) . As a control for Xcat2 recovery after immunoprecipitation, an unlabeled oocyte homogenate was spiked with a known amount of in vitro translated Xcat2 protein. Translation of the injected Xcat2 transcript was shown by immunoprecipitation of a 15.5 kDa protein from oocyte extracts (Fig. 3C ). The similar size between the native protein and the in vitro translated protein suggested that the protein was not modi®ed in the oocyte cytoplasm. However, the amount of protein immunoprecipitated (3 pg/oocyte, 0.2 fmol) was surprisingly low considering the amount of transcript (1 ng/ oocyte, 3.8 fmol), the number of oocytes injected (15), and the length of the labeling period (16 h). Furthermore, this same transcript compared favorably with b-globin RNA, which has a similar molecular weight, when both were translated in vitro (Fig. 6B ), but not in oocytes where only 0.05 fmol of protein per fmol Xcat2 RNA was synthesized. These results suggested that the injected Xcat2 RNA was poorly translated in oocytes.
Xcat2 RNA is translationally repressed during oogenesis
Experiments using a combination immunoprecipitation (IP)-Western blot assay with a detection level of 200 pg failed to detect any protein of the expected size, despite screening increased numbers of oocytes and embryos. To increase sensitivity further, various stages of oocytes were metabolically labeled in [ 35 S]methionine and the resulting oocyte extracts analyzed by immunoprecipitation with the mouse anti-Xcat2 antiserum. Although as many as 50 in vivo radiolabeled stage I-II, III-IV, and V-IV oocytes in one IP sample were analyzed, no candidate 15.5 kDa Xcat2 band was identi®ed in either the supernatant or pellet fractions in four replicate experiments (data not shown). We calculated the minimum amount of endogenous protein that could be detected at less than 5±10 pg Xcat2 protein per oocyte or embryo representing 2 £ 10 25 % of non-yolk protein. The high sensitivity of the mouse antibody should have immunoprecipitated any radiolabeled protein produced. The combined results of the various assays led us to hypothesize that Xcat2 RNA is translationally repressed during oogenesis.
To further address this question, we analyzed early oocytes at a stage when Xcat2 RNA is accumulating in the ooplasm, in perinuclear mitochondrial aggregates (Pre-I) or in mitochondrial clouds (early stage I) (Kloc et al., 1996; Zhou and King, 1996b) . At these stages, Xcat2 RNA is not in germinal granules and is therefore, relatively accessible to the translational machinery. In most Pre-I oocytes, Xcat2 mRNA was already present in perinuclear mitochondrial aggregates (Fig. 4A) . Oocytes with the RNA evenly dispersed in the cytoplasm were rare, indicating Xcat2 RNA must begin concentrating with the aggregates as soon as they form. The amounts of RNA varied and appeared to increase during the progression from Pre-I to stage I as previously shown in RNase protection assays (Zhou and King, 1996b) . Taken together, it appears that Xcat2 RNA is localized to mitochondrial aggregates or the cloud early in oogenesis, soon after it exits the nucleus.
Pre-I and stage I oocytes from juvenile frogs were isolated and their extracted proteins tested for Xcat2 protein by Western blot analysis. The small size of these cells (50± 250 mm in diameter) and the absence of yolk permitted the direct analyses of 500±1000 cells per lane by PAGE and Western blotting without IP. Given the estimate of 5±10 pg Xcat2 protein per oocyte, these numbers of oocytes were adequate to be within the detection limit of the Western assay (200 pg rHTXcat2). ECL Western analysis failed to detect any protein of the predicted size for Xcat2 (15.5 kDa) (Fig. 4B, lanes 4,5) . There was, however, a strong signal from a 17.5 kDa protein in stage I oocytes (lane 5) not present in Pre-I oocytes (lane 4). The possibility of immunological cross-reactivity to another cellular protein was tested by immunodepleting the anti-Xcat2 antiserum of anti-Xcat2 speci®c antibodies. Such depletion failed to eliminate the detection of the 17.5 kDa protein, thus indicating that this protein was not Xcat2 (Fig. 4B, lane 12) .
Another possibility was that Xcat2 RNA was translated after it was localized to the vegetal pole of the oocyte, with the protein sequestered near the vegetal pole. To greatly enrich for this portion of the cell, vegetal pole`tips' (vegetal 1/10ths) were manually isolated from 35±90 stage VI oocytes and their extracts analyzed directly by SDS-PAGE gel and Western blot. Again, the expected 15.5 kDa protein was not detected but the cross-reacting, nonspeci®c 17.5 kDa protein was present (Fig. 4B, lanes 6, 7, 13  and 14) . Based on the Western blot and radiolabeling data discussed above, we conclude that Xcat2 mRNA is not translated during oogenesis and that its translation must be regulated independently of its localization state.
Xcat2 RNA is found in a dense non-polysomal compartment in oocytes
Our evidence strongly suggests that Xcat2 RNA is translationally repressed during oogenesis. As a ®rst step in understanding the mechanism of this repression, we asked if Xcat2 RNA was found within a larger complex or in a soluble subcellular compartment. We also compared its subcellular distribution with respect to Vg1 RNA, known to be translated during oogenesis (Dale et al., 1989; Tannahill and Melton, 1989) . The subcellular localization of these two RNAs was assessed by analyzing extracts of stage V/VI oocytes on 40±85% sucrose gradients at two concentrations of monovalent ions (150 and 500 mM KCl). In the 500 mM KCl gradient (Fig. 5A) , most of the Xcat2 RNA (72%) separated into several peaks in the heavy region of the gradient. These peaks likely correspond to the germinal granules within the germ plasm to which Xcat2 has been localized (Kloc et al., 1998) . Cytoskeletal proteins are highly enriched in these peak fractions as well, consistent with there being elements of the cortex in these fractions (data not shown). In contrast, Vg1 RNA was 70% enriched in the top fractions of the gradient containing free RNP particles. This distribution pattern was similar to that of the unlocalized Cx1 RNA (Elinson et al., 1993) . In the gradient containing 150 mM KCl (Fig. 5B) , the distribution of Xcat2 RNA remained unchanged (79% in the heavy fractions) whereas Vg1 RNA was now also enriched (74%) in the heavy gradient fractions. This difference in salt dependence of Xcat2 and Vg1 RNAs indicates that Xcat2 RNA, unlike Vg1 RNA, is tightly associated with a dense complex in oocytes, consistent with its translationally repressed state.
Repression of Xcat2 translation during oogenesis is not controlled by elements within the 3
H UTR For many Xenopus maternal mRNAs, control of transla-tion is exerted through elements in the 3 H UTR (Klein and Melton, 1995; Robbie et al., 1995) . We asked if the 3 H UTR was similarly involved in repressing translation of Xcat2 RNA. For these experiments, the Xcat2 3 H UTR sequence was replaced by the 3 H UTR of an unregulated, well-translated RNA, Xenopus b-globin (XbG) Swiderski and Richter, 1988 ). In vitro transcripts were then coinjected with control Xenopus b-globin transcripts. The constructs are diagrammed in Fig. 6A . Xenopus b-globin was chosen as a control because the protein has a similar, but not identical molecular weight as the predicted Xcat2 protein. It also contains the same number of methionines (2) as Xcat2, allowing a direct comparison of relative protein amounts. The three transcripts were also of similar size and differed only in their coding region or 3 H UTR sequences. All three contain the Xenopus b-globin 5 H leader, which has been shown to enhance translation of injected mRNAs.
Minimally polyadenylated in vitro transcripts were injected because RNA with longer poly (A) sequences would have measured translational ef®ciency, not translational control. Minimally, polyadenylated RNA is stable for at least 24 h after injection and during this time the translation of injected RNAs becomes maximal (Klein and Melton, 1995) . In vitro, the two Xcat2 transcripts translated with equal ef®ciency (Fig. 6B) . Equimolar amounts of Xenopus b-globin mRNA and either of the two Xcat2 3 H UTR construct RNAs (20±40 fmol injected) were coinjected into defolliculated stage IV oocytes. Stage IV oocytes were injected, as this stage is still competent to localize Xcat2 to the vegetal pole (Zhou and King, 1996a) . The translation apparatus of stage IV oocytes was not saturated with the amounts of RNAs coinjected in these studies as no signi®cant difference in the translation of either rabbit bglobin mRNA or Xenopus b-globin transcripts injected singly or together could be detected.
A signi®cant increase in the amount of Xcat2 protein synthesized by the chimeric Xcat2 transcript would indicate that the regulation of Xcat2 RNA translation occurs via elements in the 3 H UTR. In studies of FGFR-1 RNA using identical levels of injected RNA into oocytes, Robbie et al. (1995) found at least a 10-fold increase in translation when the 3 H UTR was removed. We found a 2-fold difference in the amount of Xcat2 protein immunoprecipitated from oocytes injected with either of the two Xcat2 constructs (Fig. 6B) . Because the lower amount of Xcat2 protein was produced by the construct with the b-globin 3 H UTR, this 2-fold difference is probably due to inherent experimental variation. On average, there was a 50-fold excess of bglobin protein to Xcat2 protein produced for both Xcat2 constructs. Although it was necessary to inject 15 fmol of RNA to ef®ciently detect Xcat2 protein, it is unlikely that any putative components involved in the repression of Xcat2 RNA were saturated. In summary, we could ®nd no evidence to support a role for the 3'UTR in the translational repression of Xcat2 RNA.
Xcat2 protein is present during embryogenesis
Xcat2 RNA levels stay constant until gastrulation (stage 10), the stage at which the germ plasm moves from the periphery of the cell to a perinuclear location. During this time, Xcat2 RNA levels decline and are no longer detected at the end of neurula stages ( Fig. 2A) . Therefore, it was very likely that Xcat2 would be present at stages just before and during gastrulation. Endogenous protein could not be detected using a variety of immunological assays including immunohistochemistry on whole and sectioned blastula and gastrula. In contrast to these results, Xdazl protein, another germ plasm component, could be detected in these sections at gastrulation (not shown). To increase sensitivity and accessibility of the anti-Xcat2 antiserum to pPGCs, blastula and gastrula embryos were dissociated into individual cells and immunostained. Under these conditions, Xcat2 was detected in pPGCs at blastula and gastrula stages, but not in samples treated with pre-immune serum (Fig. 7) . Xcat2 staining was peripheral in the earlier stage embryos and was detected around the nucleus at later stages, as expected for a germ plasm localization. Localization of the Xcat2 protein was con®rmed in plastic thin sections of the samples shown in Fig. 7 . Xcat2 was not detected in any post-gastrula stages (data not shown). The presence of Xcat2 protein coincides with the movement of germ plasm towards the nucleus and the subsequent symmetric segregation of germ plasm and net increase in pPGC number.
Xcat2 protein is capable of binding RNA
Xcat2 protein sequence contains a conserved 28 amino acid zinc-®nger motif implicated in RNA binding (Curtis et al., 1997) . To assess function, the ribohomopolymer binding assay developed by Swanson and Dreyfuss (1988) was used to test the RNA-binding ability of Xcat2 protein. Xdazl, a Xenopus maternal germ plasm protein containing RRM motifs and the BMV 20 kDa protein, served as positive controls in these studies (Houston et al., 1998) .
In vitro translated Xcat2, Xdazl, and BMV proteins were incubated with the four ribohomopolymers-Sepharose conjugates, single-stranded DNA-cellulose, or Sepaharose-4B. All proteins bound primarily to poly(G) and poly(U) (Fig. 8A) . Xcat2 showed greater binding to poly(G), and Xcat2 and Xdazl bound somewhat to ss-DNA. Although there was no negative control, the lack of binding to poly(A) and poly(C) suggests that minimal non-speci®c binding occurred.
To further assess the strength of the RNA-protein interaction, protein binding to poly(G) was determined at various salt concentrations. In this experiment, in vitro translated Xenopus b -globin served as a negative control. Fig. 8B shows that b-globin did not bind the poly(G) at any salt concentration. Xcat2 protein bound at all salt concentrations tested; Xdazl bound only under lower salt concentrations (#1 M). The binding of Xcat2 at the high salt concentrations is probably indicative of the hydrophobic character of this protein. Solubility tests of the recombinant protein support this conclusion. These results indicate that Xcat2 is capable of binding RNA.
Discussion
Four main conclusions can be drawn from our results. First, Xcat2 RNA is not translated during oogenesis. This rules out one proposed function for Xcat2 protein in the assembly of the germ plasm, since that process occurs in oocytes. Secondly, unlike Drosophila nos RNA, translation and localization are not positively linked because Xcat2 RNA remains untranslated regardless of its state of localization. Thirdly, the translational repression of Xcat2 RNA that occurs in the oocyte, does not require sequences in the 3 H UTR. Lastly, Xcat2 protein accumulates within the germ plasm during a relatively narrow window of time in early embryogenesis, late blastula and gastrula. This time of protein expression suggests that Xcat2 functions only in germ cell determination and not, like Nos, in pattern formation. We propose that only one of the three functions of nos in Drosophila has been conserved in Xenopus, that of stem cell proliferation.
Xcat2 is not translated during oogenesis, regardless of localized state
We were unable to detect endogenous Xcat2 protein at any stage of oogenesis, despite screening large numbers of early stage oocytes before RNA localization or enriched H UTR constructs, only one is shown. Note that in vitro, translation of Xcat2 compares favorably with that of globin mRNA, but is translated poorly in oocytes. AU, arbitrary units.
fractions of later stage oocytes. Neither were we able to detect Xcat2 by immunohistochemistry. We cannot rule out the possibility that Xcat2 protein is made in oocytes, but has a very short half-life. However, this interpretation is not favored because Xcat2 protein was stable enough to be detected in oocytes after injection of exogenous Xcat2 RNA. Furthermore, gradient analysis of oocyte extracts from each stage (only stage V/VI was presented) showed that Xcat2 RNA is found in a dense non-polysomal compartment. These results are consistent with the conclusion that during oogenesis, Xcat2 RNA is negatively regulated at the level of translation.
Unlike Vg1 and nos, Xcat2 translation remains repressed after localization of its RNA. Vg1 RNA is associated with a subcompartment of the endoplasmic reticulum (ER) during localization (Deshler et al., 1997) , but is translated only after its localization to the vegetal pole (Dale et al., 1989; Tannahill and Melton, 1989) . Similarly, translation of nos RNA is repressed until it reaches the posterior pole of the Drosophila oocyte. Repression is accomplished by Smaug protein binding to a region in the 3 H UTR distinct from the localization element (Gavis et al., 1996a; Dahanukar and Wharton, 1996) . The translation of nos RNA after egg deposition must be speci®cally activated, although not through polyadenylation (Salle Âs et al., 1994) . It is not known if speci®c activation of nos translation is also required for the other nanos functions. Interestingly, the 3 H UTR is not required for wild-type Nos function in stem cell proliferation (Gavis et al., 1996b) , the function most likely to be conserved in Xcat2 (discussed below). Localization of Xcat2 RNA actually correlates with a repression of translation, suggesting that Xcat2 is sequestered within the germ plasm throughout oogenesis and cleavage stages.
Translation of Xcat2 RNA in oocytes is not controlled via known elements in the 3
H UTR In Xenopus, the 3 H UTRs of the maternal RNAs for activin and ®broblast growth factor 1 receptor have been shown to mediate translational repression of these RNAs in the oocyte. We have shown that the substitution of the Xenopus b -globin 3 H UTR for that of the Xcat2 3 H UTR did not result in a signi®cant increase in the amount of Xcat2 protein translated from injected RNAs. Therefore, some mechanism other than those currently de®ned for activation of stored mRNAs must be found to explain translational regulation of Xcat2 RNA (reviewed in Wickens et al., 1996) . Although the polyadenylation state of endogenous Xcat2 RNA was not determined directly, blot analysis indicated the 900 nt length for Xcat2 remains unchanged during development. Furthermore, a canonical AAUAAA apparently required for the cytoplasmic polyadenylation element (CPE; U4±7A) (Richter et al., 1990) , is missing in Xcat2.
Xcat2 RNA was found primarily in a dense, non-polysomal fraction during oogenesis (see Fig. 5 ), providing a clue as to how Xcat2 may be translationally regulated. Such a distribution could re¯ect the inaccessibility of Xcat2 mRNA to the translational machinery, reminiscent of other stored RNAs (Swiderski and Richter, 1988; Tafuri and Wolffe, 1993) . In support of this view, RT-PCR analysis of various RNAs and their distribution in polysomes or non-polysomal complexes during early embryogenesis indicates that at stage 7, Xcat2 RNA is in an EDTA-resistant, non-polysomal complex (Schroeder and Yost, 1996) . Xcat2 RNA therefore appears to be in a non-translated compartment until early blastula. Entry of Xcat2 RNA into this compartment must occur very early after transcription. The 50-fold difference in b-globin and Xcat2 protein accumulation from constructs containing similar¯anking regions indicates that, on a molar basis, injected Xcat2 RNA is not as well translated as is b-globin RNA. This difference is probably due to different rates of initiation (Lodish, 1974) with Xcat2, sequestered within germinal granules, likely requiring speci®c factors. These factors could inhibit ribosome binding, cause release of the RNA from the germ plasm, or speci®cally promote translational initiation. The involvement of the DEAD box protein Vasa in localization and activation of nos RNA in Drosophila oocytes, and the identi®cation of a DEAD box coding RNA localized within germ plasm in Xenopus (manuscript in preparation), suggests that other types of translation initiation complexes may exist for germ cells. Because translation, as judged by accumulation of Xcat2 protein, was not increased by removal of the 3 H UTR, any controlling factors must act through the 5 H end of the RNA, and/or within the ORF. Analysis of the short 5 H UTR (15 nt) region did not reveal an internal ribosome entry site or polypyrimidine sequences known to act in repression of some RNAs in Xenopus (Avni et al., 1994) and sea urchins (de Melo Neto et al., 1995) . Further analysis is required to determine what mechanism is involved in regulating Xcat2 RNA translation.
XCAT2 may function to regulate the onset of mitosis in pPGCs
Xcat2 protein was ®rst detected in the germ plasm of late blastula embryos when this structure is found at the periphery of pPGCs and persists through gastrulation stages. During gastrulation, the germ plasm moves to a perinuclear location and subsequent divisions of the pPGCs result in an equal distribution of germ plasm material to both daughter cells, thereby increasing the net number of pPGCs (Whitington and Dixon, 1975) . Therefore, the onset of mitosis of pPGCs correlates with the movement of germ plasm to a perinuclear location in early gastrula and this is exactly the time period during which Xcat2 protein was detected. A correlation between translation, perinuclear re-localization and RNA degradation has been demonstrated for Xdazl, another Xenopus germ plasm component, suggesting that this time period may be critical to pPGC speci®cation (Houston et al., 1998; Houston and King, in preparation) .
The predicted Xcat2 protein sequence contains a 28 amino acid zinc-®nger motif found in the proteins encoded by nos and Hro-nos RNAs (Pilon and Weisblat, 1997) . Nos is some three times larger than Xcat2 and the two proteins share no other common sequences. The essential functional importance of the conserved zinc®nger motif has been demonstrated by mutational analysis of Nos in Drosophila (Wang et al., 1994; Curtis et al., 1997) . Mutations within the zinc-®nger affect both abdomen determination and oogenesis; mutations upstream and downstream of the zinc-®nger sequence affect only abdomen determination, suggesting that Xcat2 may function like Nos in oogenesis. During oogenesis, Nos appears to promote stem cell proliferation and subsequent cyst formation, thus regulating the onset of mitosis in these cells (Lehmann and Nu Èsslein-Volhard, 1991; Forbes and Lehmann, 1998) . A reasonable hypothesis is that Xcat2 protein is required to inhibit the translation of an RNA whose product, in turn, inhibits or delays the onset of mitosis. This proposed function for Xcat2 requires its translation before gastrulation, as was observed. Functional analysis by RNA depletion and expression of dominant interfering proteins are in progress to test this hypothesis. 
Materials and methods
Xenopus oocytes and embryos
Adult frogs were purchased from Xenopus One or Xenopus Express. Hand-defolliculated stage III and IV oocytes were isolated from juvenile frogs (4±6 cm nose to anus, purchased from Xenopus Express), and used for microinjection. Oocytes isolated from adult frogs were staged according to Dumont (1972) . In general, the corresponding oocyte stages in juveniles were smaller than those from adults and therefore, morphological characteristics (presence of yolk, pigmentation patterns) were used to stage these oocytes. Pre-stage I (20±50 mm) and stage I (50±300 mm) oocytes were isolated by collagenase A treatment (0.8 mg/ml in 0.1 M PO 4 pH 7.4) of dissected ovaries from froglets (3±4 cm). Collagenase treatment continued for 15±30 min at room temperature and was stopped by the addition of OR-2 containing 1 mg/ml BSA. Released oocytes were transferred to fresh OR-2/BSA, then OR-2 and rinsed three times. Oocytes were sorted as to stage and either stored at 2808C for later biochemical analysis or ®xed for 2 h in MEMFA (0.1 M MOPS pH 7.4, 2 mM EDTA, 1 mM MgSO 4 , 3.7% formaldehyde), and stored in ethanol at 2208C for subsequent in situ hybridization analysis.
Production of XCAT2 recombinant protein
The coding region of Xcat2 was ampli®ed by PCR from pXCAT2 ( Mosquera et al., 1993) and cloned into the Nde1 and BamH1 sites of pET3a and the HisTag-containing vector pET14b (Novagen, Madison, WI). The sequence of the PCR amplimer was checked by DNA sequencing. The recombinant HisTagged-protein (rHTXcat2) was puri®ed from inclusion bodies solubilized in 8 M urea, 5 mM imidazole, 20 mM Tris, pH 8.0, 0.5 M NaCl according to the manufacturer's protocol by using a denaturing nickelchelate column (Novagen, Madison, WI).
Preparation of anti-Xcat2 antiserum
Antiserum to the recombinant HisTag-protein (rHTXcat2) was raised in mice by priming with inclusion bodies and boosting with puri®ed recombinant protein in 0.5 M urea, 50 mM Tris pH 8.0, 100 mM NaCl. Antiserum to the carboxyl terminal peptide was raised in rabbits by immunizing with a 14-amino acid peptide conjugated to KLH (Zymed Laboratories Inc., San Francisco, CA.) The peptide sequence was CRDPQSNSNNPKLR; the C residue is not part of the predicted sequence but was added to facilitate coupling of the peptide. To con®rm the presence or absence of Xcat2 protein, an antiserum depleted of antiXcat2 antibodies was produced by the method of Bearer (1994) . A 15% SDS-PAGE curtain gel of column puri®ed rHTXcat2 protein was run and transferred to nitrocellulose. The blot was blocked with 5% milk powder in phosphate buffered saline with 0.1% Tween 20 (PBST) (5% BLOTTO). The strip corresponding to the position of rHTXcat2 was excised from the blot and cut into ®ve pieces, each containing 60 mg of protein. Anti-XCAT2 antiserum was diluted 1/3000 in sterile 2% milk powder/PBST and incubated with four successive strips at 48C once overnight and three times for 2±3 h at 208C. As controls, identical antiserum dilutions were incubated against similarly prepared control HisTag protein (HT-control) or a blank strip of nitrocellulose from the rHTXcat2 blot (mockdepleted). The HT control-depleted and mock-depleted antisera were indistinguishable when tested against rHTXcat2; both detected 100 pg of rHTXcat2 protein.
Western blots and immunoprecipitations
Proteins were separated electrophoretically on 15% SDS-PAGE gels and transferred to nitrocellulose by standard procedures. Proteins were detected by Enhanced Chemiluminescence (ECL) (Amersham) following the manufacturer's ECL protocol using peroxidase-conjugated antimouse IgG secondary (2 o ) antibodies. Homogenization of oocytes and embryos and immunoprecipitations was done according to the method of Colman (1984) using either a PBS (1% Triton X-100, 0.5% Deoxycholate (DOC), 0.1% SDS), or a Tris based (0.1 M Tris, pH 8.0, 0.1 M KCl, 5 mM MgCl 2 , 1% Triton X-100, 1% DOC, 0.5% SDS) immunoprecipitation buffer. Protein-G-sepharose (Life Technologies) was used to bind all primary antibodies. All solutions contained 2 mM PMSF and 0.5 mg/ml Leupeptin (Sigma). Proteins radiolabeled with [ 35 S]methionine were detected and quanti®ed using a Molecular Dynamics PhosphorImager and ImageQuant software.
RNA sources and analysis
Puri®ed natural rabbit b-globin mRNA was purchased from Novagen (Madison, WI). Xcat2, Vg1, Cx1 probes for whole-mount in situ or gradient analysis have been previously described (Elinson et al., 1993) . Capped sense RNA for in vitro translation was transcribed using a cap analog (New England Biolabs) as previously described (Zhou and King, 1996a) . Capped RNA for oocyte injection was synthesized with SP6 polymerase using a Megascript kit according to the manufacturer's recommended procedure (Ambion). RNase protection and northern blot analysis were carried out as described in Houston et al. (1998) .
Microinjection of oocytes
Equimolar amounts (5±40 fmol) of each experimental RNA were injected (10±20 nl/oocyte). The plasmid pSPXbM was used as a source of control Xenopus b-globin mRNA in coinjection experiments. Injections were made into the bottom vegetal third of stage IV oocytes. After injection, oocytes were incubated at 178C in OR-2 with 10 mg/ml gentamycin and 1 mg/ml BSA for 16 h in 96-well tissue culture dishes, 200 ml/well, 8±10 oocytes/well. For radiolabeling, 5±10 ml of [ 35 S]methionine (New England Nuclear, NEG009A, 1200 Cu/mol) were added per 200 ml OR-2, per well. A time course indicated that maximal protein expression occurred after 16 h incubation in label. After incubation, oocytes were washed three times, frozen on dry ice and stored at 2808C. Xcat2 was immunoprecipitated from protein extracts with anti-Xcat2 antiserum; b-globin protein was detected on SDS gels of extracts. The levels of synthesized b-globin and Xcat2 were quantitated by SDS-PAGE using a PhosphorImager (Molecular Dynamics) with the ImageQuant software package (Molecular Dynamics).
In situ hybridization and histological analysis
Whole-mount in situ hybridizations were done as previously described in Mosquera et al., (1993) . Histological analysis was previously described in Houston et al. (1998) . For whole-mount analysis of dissociated cells from stage 7 and 10 embryos, vitelline membranes were ®rst removed and a hole poked through the animal cap. Embryos were incubated in a Ca 21 and Mg 21 free medium (CMFM: 50.3 mM NaCl, 0.70 mM KCl, 9.20 mM NaH 2 PO 4 , 0.90 mM KH 2 PO 4 , 2.4 mM NaHCO 3 , 1.0 mM EDTA, pH 7.3) for at least 30 min and cells dispersed by aspiration. Dissociated cells were ®xed in MEMFA for 15 min, then changed into fresh MEMFA for 1 h. The wholemount procedure was the same as for whole embryos except the PK treatment was reduced to 3 min. Blastomeres were re®xed in 2% paraformaldehyde and 0.2% glutaraldehyde in 1£ PBS prior to hybridization. After hybridization and staining, cells were embedded in Spurr's and thin sectioned at 1 mm. Plastic sections were counter-stained with eosin.
For immunodetection of Xcat2 protein during embryogenesis, dissociated cells were collected from stages 8±10, 11±13, and 14±16 and ®xed as described above. Cells were hydrated in PBS, 0.1% Tween20, then incubated in PBT (PBS, 2 mg/ml BSA, 0.1% Triton X-100) for 15 min at room temperature. Cells were blocked with 500 ml PBT containing 10% goat serum for 1 h at room temperature and then incubated in primary antibody (1:500) over night at 48C. Samples were then washed with PBT every 30 min for 5 h. The procedure was repeated exactly for the secondary antibody (1:2000) and samples again washed for 5 h. The BMB kit (DAB substrate metal enhanced, precipitating) was used for detection and procedures followed the manufacturers instructions. Positive staining was observed within the ®rst 20±30 min.
In vitro RNA binding
The ribohomopolymer binding assay of Swanson and Dreyfuss (1988) was used as modi®ed by Siomi et al. (1993) . [ 35 S]Methionine labeled proteins were synthesized in rabbit reticulocyte lysates (Promega) using capped in vitro transcribed RNA. Ribohomopolymer-Sepharose conjugates were purchased from Sigma (poly(A), poly(C), poly(G), DNA-cellulose), and Pharmacia (poly(U), Sepharose-4B). For NaCl titrations, the NaCl concentration was varied for the initial incubation; the pellets were then washed with 0.1 M NaCl binding buffer. Bound protein was eluted in 30 ml 2£ SDS-PAGE sample buffer (2£ SB) at 1008C. Samples were run on 12.5% or 15% SDS-PAGE gels, and the bound protein quantitated using a PhosphorImager (Molecular Dynamics) with the ImageQuant software package (Molecular Dynamics).
Gradient analysis
Oocytes were homogenized in a Potter homogenizer at 08C for 30 min in ®ve volumes of high salt buffer (10 mM PIPES, pH 6.8, 500 mM KCl, 5 mM Mg(OAc) 2 , 5 mM EDTA, 3 mM 2-mercaptoethanol, 1% Triton X-100, 0.5 mM PMSF, 5 mg/ml Leupeptin, 0.15 mg/ml DNase I) (Pondel and King, 1988) . The extract was applied onto a 40±85% sucrose gradient made in the same buffer without Triton X-100 and with 150 mM KCl. The gradients were centrifuged using a SW41 rotor at 35 000 £ g, at 48C for 90 min in a Beckman L ultracentrifuge. Fractions (0.7 ml) were collected from the bottom of the gradient and analyzed for Xcat2, Vg1, and Cx1 RNAs by dot blot hybridization followed by quantitation using a PhosphorImager. RNA extraction was performed essentially as described by Mosquera et al., (1993) .
